Abstract-. This paper presents a sinusoidal ripple current (SRC) emulator which superimposes an ac ripple current frequency into a dc charging current in order to produce a sinusoidal ripple current without a ripple current controller. It can be used for several purposes: 1) to analyze the impact of ac ripple current magnitude and frequency on the battery internal characteristics; 2) to determine the parameters related to thermal rise and lithium plating; 3) to obtain more updated parameter information for improved utilization of a battery; 4) to determine the optimal ripple current frequency at the minimum impedance point by sweeping the ripple current frequency; 5) to utilize the obtained impedance data for estimating the battery circuit parameters and SOC level. The internal characteristics of batteries are complex and dynamic; therefore, it is beneficial to use the SRC emulator to validate SRC performance in a battery stack before integrating a SRC algorithm into a battery charger. This paper describes the development procedure of a SRC emulator to produce the electrochemical impedance spectroscopy (EIS) measurement for measuring the battery internal impedance. In order to validate the performance of the SRC emulator, a 12.8 V, 40 Ah Li-ion battery was charged at C/8 rate in CC mode with ± 1 App ac ripple current perturbation with an impedance from 20 Hz to 2 kHz.
I. INTRODUCTION
Li-ion batteries are used in many portable electronic devices, communication systems, medical applications, energy storage devices in energy harvesting applications, and electric vehicle applications due to their high power and energy density and longer life cycle [1] . Increasing the electrification, the electric hybrid power train is an important component in reducing the fuel consumption for electric vehicle manufacturers. In grid to vehicle technology, small and efficient rechargeable batteries are required for high power chargers with stable dc power and fast charging capability. The charging methodology significantly influences the performance and life time of Li-ion batteries [2] .
The electric batteries are degraded by irreversible electrochemical and dynamic processes. The internal characteristics of Li-ion batteries are altered through a variety of factors: diffusion, concentration of Li-ions and polarization. The conventional constant current constant voltage (CCCV) charging technique does not consider the battery internal dynamic behaviors in their continuous operation. As such, researchers must consider a new charging strategy based upon electrochemical characteristics to reduce the thermal loss and extend the battery run-time. Recently, the sinusoidal ripple current (SRC) charging technique has been proposed for measuring the impacts of ac ripple current frequency on the internal impedance of a battery using digital signal processor (DSP) [3] . To reduce the signal measurement steps in DSP, the analog circuit based filter sensing board has been implemented to test the performance of measurement accuracy [4] . The impedance magnitude and phase angle calculation algorithm has also been developed in dSPACE1104 instead of using DSP. In SRC, charging technique monitors change the internal characteristics of a battery indirectly by measuring the impedance at different ac ripple current frequencies [5] . Since batteries have dynamic behaviors and complex internal characteristics, developing through simplicity is necessary when validating the SRC method in a battery stack before installation of the battery charger.
Usually, emulators are used to validate a new concept and control strategy before integrating into a physical system; this is done to avoid "design surprise." Emulators can be used in renewable power conversion systems; for example, PV emulators have the capability to imitate the behavior of a variety of PV panels under different environmental conditions [6] [7] [8] . In wind energy systems, the main challenge is the nonlinear behavior of wind turbines and erratic nature of the wind. To overcome these difficulties, wind turbine emulators have been developed to validate the response of real hardware using advanced perturbation methods [9] . They have also been designed to facilitate tests on wind energy systems under several wind speed conditions to determine the functional feasibility and performance of emulators [10] . In this regard to the battery charging system, the proposed emulator charges the battery in the SRC manner to validate the proposed idea. The SRC emulation is a strategy to produce the same behavior of an actual SRC charging system and streamline the testing process, ensuring considerable savings in development time and cost.
In this paper, the core concept is to present the development of the EIS measurement method for charging the Li-ion battery using a SRC emulator. This paper also presents the impedance measurement of Li-ion battery using dSPACE1104 impedance calculation algorithm. In addition, Section II introduces the battery impedance modeling and the equivalent circuit. The overview of the SRC emulator and impedance measurement procedure is provided in Section III. Section IV describes the experimental test setup. Section V presents the experimental test results. Finally, the paper is summarized with a brief discussion on the variations of battery impedance with ripple frequency.
II. BATTERY IMPEDANCE MODEL
Traditionally, the battery equivalent circuit models are widely used for battery management systems due to their simple representation. There are many ways to model the Liion battery using passive electrical circuit components; these models help depict the dynamic electrochemical behavior. The widely used RC second order equivalent circuit has been proposed to describe the ionization impact, polarization, and diffusion characteristics of Li-ion battery. A different linear equivalent circuit model for high power lithium ion battery has been proposed and compared in a long dynamic load behavior for electric vehicle (EV) charging systems [11] .
Battery electrochemical impedance spectroscopy (EIS) is shown in Fig.1 . The EIS presents the most effective method to date in extracting equivalent circuit parameters. It is a more direct technique to investigate battery cell kinetics, determining battery state of charge (SOC) and impedance modeling. All the internal parameters are related to the SOC of a battery; as such, accurate estimation of SOC not only protects the battery but improves the battery life and saves energy. Battery physical components such as the voltage and impedance are used to estimate the SOC level in direct measurement method. Consequently, battery impedance measurement is a key point for increasing battery performance and aids in the selection of the most efficient charging method. An accurate, reliable SOC estimation and performance are crucial to the development of smart battery management systems. Usually, the battery internal resistance includes the ohmic resistance, R0, and the concentration polarization resistance, Rct. The I 2 Ro losses negatively affect the battery's internal temperature due to the resistive properties of internal conductivity and terminal contacts. The equivalent double layer capacitance, Cdl, is used to describe the transient response of the battery cell due to activation polarization during charging and discharging conditions. The parasitic inductor, Le, accounts for the battery contact inductance due to external circuit connection. To protect the battery from overheating, a reduction of energy loss is needed to obtain minimum impedance of a battery.
III. OVERVIEW OF THE SRC EMULATOR
The proposed SRC emulator is shown in Fig.2 . It has three main components: the sinusoidal ripple current (SRC) generator, battery voltage and current sensing; a filter sensing board (FSB), which extracts ripple information; and an impedance extraction algorithm performed in dSPACE1104.
A. SRC Signal Generator
There are two ways to develop SRC emulators using hardware circuits to confirm the feasibility and performance of an emulator.
•
AC Source Perturbation
The proposed circuit diagram of the SRC emulator using ac source perturbation is shown in Fig.3 (a) . It is composed of both ac and dc power sources. The AMX3120 ac power source is used to perturb the ac ripple current at different frequencies up to 2 kHz into a dc charging current supplied by an ABC 150 dc power source. In this method, the ac and dc voltage sources both operate in constant voltage supply mode and are connected in series with an external dummy load, R and a battery. The battery internal resistance, rbat, is very small-around 15m (14.6V, 40Ah Valence battery). The constant dc charging current is defined by the dummy load. From (1), the constant dc charging current can be produced at the expected charging level by setting the dc voltage, while the ac ripple current is Where, IT is the total charging current, Idc is the dc charging current, Iac is the ac ripple current perturbation, R is the series dummy load, Vdc is the dc supply voltage, Vbat is the battery terminal voltage, rbat is the battery ohmic resistance, and Vac is the ac voltage.
• Programmable Load Perturbation
The circuit diagram of the SRC emulator using programmable load perturbation is shown in Fig. 3(b) . In the programmable load perturbation technique, the ac ripple current is superimposed on the dc charging current produced using Chroma 63803 ac/dc programmable load (PL). Chroma's 63800 dc load can operate in four load modes: constant current, constant resistance, constant voltage and constant power. A special dc rectified mode mimics the loading behavior of the distributed load. In the proposed SRC emulator, the PL is programmed in dc rectified mode for superimposing the ac ripple current. With this configuration, the PL is connected in parallel with the dc current source, and the battery is connected with source through a dummy load, R. The PL changes the load internally according to settings and producing the ac ripple current impacts on the dc supply current. The dc charging currents magnitude is controlled by the dc supply. The Chroma 63803 PL can sink up to 36 Arms current, handle 3.6kW, and operate from 40Hz to 400Hz.
B. Filter Sensing Board
The FSB shown in Fig. 4 consists of the battery voltage and current sensing section, channel selection, and ac ripple extraction section. The voltage and current sensors measure the down-scaled battery voltage and current for the low power op-amp circuitry. The decoder selects the specific channel among 16-channels corresponding to the ac ripple frequency; it sends to the filter section for dc signal removal and then extracts the ac ripple information from the battery voltage and current. The second order Butterworth low pass filter and the differential amplifier are used to produce the band pass signal. The output of band pass filter becomes the -axis in the frame. The RC low pass filter is used to remove the high frequency noise, and the inverting amplifier increases the signal strength. The unity gain all pass filters pass all frequencies and produce a 90° phase delay at the pass frequency, which represents the -axis in the frame. The analog filter sensing board produces the stationary -frame for calculating the battery impedance. The battery ac ripple voltage and current extraction process and impedance calculations are described in detail [4] .
C. Impedance Calculation in dSPACE
The impedance calculation process performed by dSPACE1104 is shown in Fig. 5 . Voltage and current transform from the stationary -reference frame to the d-q rotating frame for impedance calculation using ripple power method. The PLL circuit is used to sweep the ac ripple frequency and produces angle for d-q transformation. The impedance magnitude, |ZT|, and the impedance angle, , are obtained from the transformed Vd, Vq, Id and Iq values. 6 shows the experimental setup used to produce the sinusoidal ripple current perturbation into the dc current through the utilization of an an ac source or a programmable load. In the ac source perturbation technique, the battery is charged by 5Adc ± 1Aac. To make this ac ripple current, the ac source was programmed in line to line voltage at 18.66 Vpp in 3-condition and output current off of a single phase from 3-bus. DC power supply is set at 58.6 V to create the dc current at 5A, and the external dummy resistor, 9 , 1kW is used to regulate the charging current at 5Adc. In the programmable load perturbation method, the dc power supply is programmed at 58.6Vdc and limited to10A for generating SRC signal. It is programmed as follows; Iset is 5A and, Ipmax is 7.8 A in dc rectified RLC load mode at 60 Hz. The physical 9 , 1kW resistive load determines the dc charging current.
V. EXPERIMENTAL RESULTS

A. SRC Signal Generation
The ac source perturbation result is shown in Fig. 7(a; the yellow trace indicates the total charging current, 5Adc ± 1Aac, while the purple trace represents the ± 1 A ac ripple current. The green trace depicts the battery voltage 13.6Vdc ± 15mVac across the terminal, and the blue trace shows the ac ripple voltage response across the battery due to the ac ripple current perturbation into dc current. Fig. 7(b) represents the corresponding test result in programmable load perturbation technique. The yellow trace depicts the battery charging current, 4.7 Adc ± 0.25Aac and the green trace indicates the battery terminal voltage, 13.6 Vdc ± 3.5mVac. The purple and blue traces represent the ac voltage response across the battery internal dc resistance due to ac ripple current. From the experimental result, it was validated that the SRC emulator can emulate using either an AMX3120 ac power source or Chroma 63803 programmable load. The second method requires higher dc current sink into the programmable load to produce the desired peak to peak ac ripple perturbation which results in the SRC signal compare to the ac source perturbation. The test result shows that the PL on the dc source produces 0.5 Aac_pp ripple current by drawing 5.0 Adc current from dc power supply. The maximum current limit of PL is 36 Arms at 3.6 kW and frequency range from 40 Hz to 400 Hz. 
B. Battery ac Ripple Extraction
In order to measure the battery impedance using SRC emulator, the test was performed at different ripple frequency. Fig. 8 shows the ac ripple charging current and corresponding ac ripple voltage response at 720 Hz. The yellow trace indicates the ac ripple current, 2A peak to peak, and the green trace is the battery ac ripple voltage, 14 mV peak to peak.
The ACPL872 current sensor has the capability to measure dc and ac current with 100mV/A sensitivity. The voltage sensor has the capability to measure dc and ac voltage with unity gain. However, it induces a phase delay with changing ripple frequency. The band pass filter extracted the ripple information from the sensed battery voltage and current. The output of band pass filter represents the -axis while the outputs of unity gain all pass filter present the -axis signal. The phase delay between and signal is exactly 90° only at pass band frequency. Since the peak to peak ripple voltage and current was too small, the signal amplifier section amplified the signal level up to 15 Vpp ripple current and 5 Vpp ripple voltage. The -frame of battery ripple voltage and current signal is shown in Fig. 9 . The yellow and green trace indicates the ripple voltage while violet and blue traces imply the inaxis and -axis ripple current respectively.
C. Impedance Calculation
To perform the battery internal impedance calculation, the dSPACE1104 control desk was used. The d-q transformation method was used to distinguish the phase delay between battery ac ripple current and voltage. The impedance magnitude and phase angle was calculated from d-axis and qaxis voltage and current information using ripple power method. The dSPACE1104 requires 10 kHz sampling data to calculate the impedance value. It also provides the data view and control option to design the dSPACE consol. The calculation result (data points) was captured from the console and plotted in MATLAB. At 720 Hz ripple current, the mean value of impedance magnitude and phase angle was 4.37 m and 6.941° shown in Fig.10 . The measurement result of battery real and imaginary impedance at different frequencies between 20 Hz to 2 kHz are shown in Table-I. Fig. 11 shows the real and imaginary impedance changes with respect to the ac ripple frequency from 20 Hz to 2 kHz. The blue line is the measured real impedance, and the red line is the imaginary impedance. The test result shows that the magnitude of real and imaginary impedance both decreases with the increasing ac ripple frequency. At low frequency between few Hz to 0.1 Hz, the concentration polarization, double layer capacitive effects impact battery impedance. Due to these effects around 60 Hz, the battery imaginary aspect was peak, which is indicated by the red trace and decreased with increasing frequency. Similarly, with lower frequencies below 60 Hz, the imaginary impedance also has a decreasing trend with changing frequency.
V. CONCLUSION
The SRC emulator was described in this paper. To perturb the ac sinusoidal ripple current into dc charging current there are two approaches: 1) ac power source and 2) a programmable load. From the experimental results of both methods, it is concluded that the SRC emulator can perturb the ac ripple current into dc current without a sinusoidal current controller. The SRC emulator offers a simple way to validate the sinusoidal ripple current charging technique before integrating the SRC algorithm into a battery charger. In order to measure the battery ac impedance, the battery ac ripple current and voltage was extracted by FSB, which calculated the impedance magnitude and phase angle by implying the dSPACE1104 algorithm. This paper also represented the battery impedance measurement results corresponding to the frequency from 20 Hz to 2 kHz due to the equipment limitations of frequency swept range. The experimental test result indicates that the SRC emulator could be a useful tool for validating the SRC charging technique by analyzing the ac ripple current impact on Li-ion battery. The measured impedance data can be used to estimate the battery SOC and SOH for better utilization of battery. The proposed impedance measurement approach also reduced the impedance calculation burden and complexity in DSP calculation approach and can be implemented into BMS system for signal measurement using simple op-amp based real time circuitry with low cost. 
